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In a world dependent on technology, data can be an important asset when applying for
any sort of funding or resources. Our goal was to create a scalable, low cost, low maintenance
mesh network platform that can be paired with sensors to allow for easy data collection from a
geographical area. This will give a geographical area, like a park or hiking trail, the ability to
track how many people are using the area and facilities on a daily basis.
For each node, we used a combination of three infrared sensors to detect the presence of
humans, a ZigBee device to allow the nodes to communicate, an Atmega328p microcontroller
for the brains, a lead acid battery for power, one solar panel to not only charge the battery but
also extend the life of the battery, and a charge controller to effectively charge the battery.
Everything except the solar panel will be inside of a plastic enclosure, with the solar panel
mounted separately. The enclosure and its contents will then be mounted in the desired location
and wirelessly connected to the other nodes in the area. There will be a base station for all of
the nodes in a given area to send information back to, in order for the data to be processed and
finally used.

4

All three of us enjoy hiking trails and parks; therefore, having the opportunity to give
geographical areas a way to obtain data on how many people enjoy their services is something
we all find very rewarding. It is our way of giving back to these areas, and to help them prosper
even longer.
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1 INTRODUCTION
In today’s world, there is an ever-growing need to have more data on all aspects of
life. Important decisions are made or broken on the information that is available to the people
in charge. Without appropriate and reliable information, opportunities can be missed, or
incorrect decisions can be made. Either error can be costly. Sensor networks can help in the
tough decisions that parks and other public entities have to make, by providing much needed
information collected throughout the environment.
With our mesh-networked sensors, we hope to add value to the world by facilitating
informed decisions. We also hope to save taxpayer dollars by providing public and government
entities with the essential information they need to make the best decisions.

1.1 Background
With ever limited resources, it can be a challenge for parks, trails, and other publicly
used and funded facilities to make informed decisions on how to best use their resources.
Potentially even more challenging is the task of obtaining additional funding from the
appropriate government institutions to provide for non-routine projects. For instance, in a park,
the administrator may want to expand and add more equipment or attractions. This may require
additional private or public funding.
In our data driven world, one of the best and most convincing ways to acquire and
distribute resources is to collect and present relevant data. For instance, if a park administrator
had data to demonstrate that a certain area of the park garners more attraction than another,
he/she would be able to justify investing in one area over another. Also, the administrator could
use this data to convince donors to donate to an improvement project, because a given number
of people in the community visit every week.

8

While collecting data is a great option, there are many barriers to doing this. One of the
primary challenges in collecting data is to find a platform that is both cost effective and robust.
In addition, reliable information that can be trusted is important since data collected can be
used to make important investment decisions. All these requirements are needed to support
effective data collection.
With accurate data collected from a geographical area, such as a park, leadership
can make informed decisions on how to allocate their limited resources.
1.2 Purpose of the Project
The purpose of this project is to create a scalable, low cost mesh network platform that
can be paired with sensors to allow for easy data collection from a geographical area. Since one
of the biggest barriers to collecting data on publicly used and geographically distributed
infrastructure is cost, one of the main emphasis of our project is to build a scalable system that
is intrinsically a low investment.
Similarly, the complexity of setup and use is another prohibitive component that is often
encountered in collecting accurate data. In addition to low cost, our goal will be to make it easy
to integrate multiple sensors and thus allow for accessible data collection.
1.3 Previous Work Done by Others
While our idea is innovative and useful, it is not completely alone in the market. The use
of mesh networks has been around for several years and has been implemented in multiple
applications in many countries around the world.
Mesh network technology is widely used in the area of data collection used in smart
meters used by utilities. Imtiaz Parvez and his team from Florida International University
conducted a study on how License Assisted Access (LAA) Based LTE and ZigBee can work
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together for smart grid communication applications. Before this study, it was not known whether
this combination would work effectively as a way to implement a smart grid; however, both the
LAA-Based LTE and ZigBee have their own unique strengths, and the two compliment each
other quite well. By pairing LTE with ZigBee, LTE can access more free spectrum for its
operation (ZigBee operates in the free band.)[4] In addition, the ZigBee nodes can utilize the
LTE network for faster data transfer back to the utility provider.[4] Because ZigBee requires
very little power, it will save the utility company money on their smart meters.
In the same way utility companies can save money using ZigBee and a mesh network
system for smart meters, parks and outdoor recreational areas can gain money from our mesh
network system by detecting people. Having proof in the form of real data on how many
people use a park can be a driving factor for parks to receive more funding.
A team of researchers from the University of California at Berkeley did a study based on
the benefits of habitat monitoring using a mesh network system. They too believed that a mesh
network system could be helpful, because “instrumenting natural spaces with numerous
networked micro sensors can enable long-term data collection at scales and resolutions that are
difficult, if not impossible, to obtain otherwise”[3]. One of their inspirations for starting this
study was the growing concern of the environmental impact of human presence for monitoring
animals and plants. Life science researchers have found that even the most caring and careful
researcher can go so far as destroying sensitive populations just by their presence. Mainwaring
and his team also discussed the long term cost savings in implementing the sensors, because it
eliminates teams needing to spend long hours in the field before they can spend time in the lab
actually studying the findings.
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While monitoring plant and animal populations with remote sensors to reduce the amount
of time humans spend in the field is effective, the same applies to monitoring humans. Remote
wireless sensors can help reduce the amount of time spent by humans manually observing other
human activities. In addition, people are more likely to act differently when other humans are
knowingly observing them. Having sensors collect the data would help reduce observer
influence on human activities, potentially resulting in more accurate data collection.
1.3.1 Existing Products
As previously mentioned, there are existing products on the market that perform similar
tasks of collecting data from a geographical area. One common application is smart meters.
While there are multiple technologies available for smart meters, one of the common methods
is to have a mesh network configuration where each meter is a node in the network. Data
collected from each meter is passed from one meter to another until it reaches a gateway where
the information is passed back to the electric company for billing purposes.
After further research, a product that caught our attention was from a company called
MESHTM. This company designs devices coined MESH blocks that help make prototyping and
building projects for the Internet of Things. They have a selection of devices that act as a starting
point for various types of information that can be sent. For example, MESH provides LED light
blocks that can be remotely controlled, and other blocks that are equipped with motion, humidity,
and temperature sensors that can collect data. What is most intriguing is their motion detection
block, which uses infrared radiation (heat) to detect motion. This can influence temperature sensor
accuracy when the tag is moved or placed in close proximity to lots of human or animal movement.
This device only detects motion that crosses paths with the block, so motion such as walking straight
towards the block or away from the block will not be detected
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by the sensor. It also comes with several customizable functions, such as: a Detection Mode,
that would trigger an action when motion is detected, an Undetected Mode, which triggers an
action when no motion is detected, Waiting Time, which sets how long the sensor should wait to
detect motion again, among many other functionalities.
Mesh networked sensors, like the aforementioned, have similarities to our project. It is
clear that others have been able to effectively implement mesh-networked sensors to implement
a function successfully.
1.3.2 Patent Search Results
During our research, we found a patent titled, “Systems and methods for controlling
outdoor luminaire wireless network using smart appliance.”[1] In this report, Donald Arthur
Vendetti and William G. Reed, discuss methods and systems to utilize lighting apparatuses, such
as street lights or lights in a parking garage, which can be controlled wirelessly from a mobile
system using a gateway system without the need of hardwiring the lights and a central
management system (CMS). This system uses a wireless network of sensors to pass commands
across their system of lights to either turn them on or off. For this they would use a dawn-to-dusk
sensor in each light. This allows all the lights to turn on and off at once. How this relates to our
project is the type of sensor they are using to send and collect data. They used several types of
sensors in their network, such as the aforementioned dusk-to-dawn, in addition to motion
detection, temperature, humidity, carbon monoxide, noise, and gunshot detection sensors. In a
similar nature, we will be using a motion detection sensor that will send data to a hub center for
further studies.
Another patent to discuss is titled “Wirelessly Controllable Lighting Module.”[2] In this
report, Michael V. Recker and David B. Levine discuss a system that was made for devices for
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the use of wireless control and wireless power in lighting devices, specifically light emitting
diodes (LEDs). They used a wireless remote control interface, a wireless power controller, a
wireless control input, and an internal programmed control to connect their systems. It was also
documented that for their wireless devices they would use several types of wireless power to
operate their invention such as rechargeable and non-rechargeable batteries, a capacitor, or a
fuel cell. They also considered using a form of energy harvesting with solar panels. Another
interesting point of their device was to wirelessly be able to control the output, or the brightness,
of their lights for commercial consumers to be able to control how much lighting they decide is
acceptable. Also, for more industrial consumers they would be able to control their lighting for
economical and cost efficacies. What essentially this product is trying to display is the ability to
build an intelligent lighting system where wireless control and off-grid power take advantage of
the additional functionalities of the product built into the light itself. For example one advantage
was its ability to provide battery backup power within an LED bulb or tube that can fit into a
conventional AC power socket, and be able to adjust its lighting via wireless controls.
1.4 Map for the rest of the report
Throughout this report, we cover the details regarding our project. Each section is
intended to give the reader a thorough understanding of what we have planned for our
sensor network. We will be discussing alternate project designs, the most optimal project
design, realistic constraints, safety concerns, lifelong learning, as well as our budget.
2 PROJECT DESIGN
The Project Design section has summaries of four basic design options that we had for
carrying out our project. All of the design options have some similarities. One of the main
commonalities that each design option shares is that we use a solar panel in combination with a
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battery through a charge controller to power each sensor node. Also, each design implements the
ZigBee protocol for communication in a mesh network configuration. All designs use a plastic,
UV resistant enclosure to protect the contents of each node from the outdoor weather. Each node
has a microcontroller “brain” that will be in charge of handling the routine activities within the
node. Finally, the information collected from each node will be sent to a base station where the
information will be stored in a .csv file, where the data will be later mapped for display.
Design option 1 is unique in that it is a simple design that will use a RADAR sensor to
detect humans. It will also take advantage of an in-house designed buck-boost charge
controller to charge the battery from the solar panel.
Design option 2 varies from the first option by using three passive infrared sensors
to detect humans, and their direction of movement. The rest of the design is similar to
design 1, including a custom-built charge controller.
Design option 3 varies from the others by using a MESH Brand sensor to detect human
movement. Also, unique to design option 3 is that it will utilize an MPPT (Maximum Power
Point Tracking) charge controller to maximize power output from the solar panel.
Finally, design option 4 chooses to use a RADAR sensor, but uses a chip from
Texas Instruments (NVDC 12C) as the main component in the charge controller.
At the end of the Project Design section, the optimal design of the four is highlighted.
ALTERNATIVE DESIGN 1
The first design option for our team’s mesh network sensor system is to use a RADAR
sensor to detect human movement. The sensor used for the RADAR could be the rcwl-0516, or
a similar RADAR sensor. The advantage of using RADAR for our application would be that the
sensor would be very sensitive to movements by people. Another Advantage would be that the
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sensor could be very innocuous. Since RADAR is good at penetrating materials like plastic, we
could completely hide the sensor inside a node enclosure. As a result, we would potentially be
able to detect people without them being able to see the sensor. This opens the opportunity that
each node could be disguised as something that it’s not, or just look like a plain box. This would
be very useful in some circumstances, because people would be more likely to leave our nodes
alone if they didn’t look like anything interesting.
RADAR sensors are also fairly cheap. A quick search on Amazon yields that you can
buy five, rcwl-0516 RADAR sensors for less than eight dollars. RADAR sensors are also widely
available online, with many different options to choose from. This not only adds to the ease of
procurement, but also helps drive the price down as well.
A ZigBee mesh network would be used to communicate with other nodes to send data
from each node back to the base station. Here the data would be stored until the time of analysis.
The enclosure that would be used for each node would be a plastic, weatherproof box. In
other words, it would be resistant to ultraviolet (UV) degradation, and it would also be able to
protect its contents from getting wet from rain or snow. The reason why the box would be plastic
is because not only is it a cheap and widely available option, but also the RADAR signals would
need to be able to penetration it as well.
The power for each node would be a combination of battery and solar. Each node would
be equipped with a lead acid battery, which would help to maintain a steady voltage and current
supply for the sensor. To complement the battery power, there would be solar panels on the
exterior of the box to charge the batteries and to help extend the power life of each node. This
would allow for extended remote operation and thus less need for people to service each node
to recharge or change the batteries.
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The battery would be charged through a charge controller that we would build. The
charge controller would have the function of buck-boost. In other words, the charge controller
would be able to increase the voltage from the panels, or decrease the voltage from the panels if
necessary to provide a more efficient charging over a traditional pulse-width-modulated (PWM)
charge controller. The charge controller, like all other charge controllers, would protect the
battery against overcharging by testing the voltage periodically and opening the charge circuit if
the battery is fully charged. This is necessary to prevent overcharging of the battery and possible
battery issues in the future.
The main “brains” of the node would be a microcontroller that would be programmed to
run algorithms that we would develop. The microcontroller would handle the logging of
information from the sensor, and sending it back to the base station to be analyzed. The
microcontroller would also monitor the battery voltage to make sure that it was within a certain
allowable range. If the microcontroller detected that the battery was outside of the acceptable
voltage range for a given debouncing amount of time, the microcontroller would send a
message to the base station notifying the administrator that there was low voltage at the node.
The base station of the mesh network would collect all the information packets that were
sent from the nodes, and would place the contents into a comma-separated-value (CSV) file to
be analyzed. Ideally, we would make a python program that would parse the data being placed in
the csv file, and annunciate any issues that it detects, such as low battery issues.
Once the data is collected, we would then be able to map the information for
visual analysis.
Another possibility, if we have time, would be to have our nodes control things as well.
In this setup, we would have the nodes send information back to the base station as usual, but the

16

base station would be able to send data to the nodes, commanding them to either turn-on or turnoff something. Ideally, the base station would be able to respond to data sent from each node, to
trigger actions.
ALTERNATIVE DESIGN 2:
The second design option for our team is using passive infrared sensors to detect human
movement instead of RADAR sensors. The passive infrared sensor measures infrared light
radiating from objects in its field of view. Three infrared sensors would be mounted on each
node and would have a divider between them to isolate the view of one from the other. The
goal is that, with this method, the sensor configuration would be able to determine the direction
of movement, based on the sequence of sensor detection. In other words, if the right sensor
detects movement, then the middle sensor, and then the left sensor, then the node would be able
to decipher that the subject is moving from right to left in front of the sensors.
A benefit of the passive infrared sensors is that they are pretty budget friendly coming in
at around $2 dollars per sensor on Amazon. They are also reliable in the daytime and in
darkness and consume relatively low energy. On the other hand, a disappointing downside of
using passive infrared sensors is that the hotter the environment is, the less reliable it becomes
since the mode of detection is sensing thermal energy that is given off when a living body
radiates infrared radiation energy.
The power for each node would be both a lead acid battery and solar. The lead acid battery
was chosen because it would be able to maintain a steady voltage and current supply for the sensors.
The solar would be able to charge the battery in preparation for very cloudy days, and also at night.
In order for our product to be low maintenance, the batteries need to be able to
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support the nodes for extended periods of time (several days) without the solar panel, for worse
case scenarios.
A charge controller with a buck boost converter designed by us would be used in the
battery charging process. The charge controller would protect the battery from being
overcharged and also be able to switch the system between the solar panel power and battery
power. When the solar panel is receiving enough power from the sun, it would be charging the
battery and powering the circuit, and then when the solar panel is not getting enough light, the
charge controller would switch to the battery.
The choice to use ZigBee’s to create the mesh network would be consistent throughout
our designs. The ZigBee protocol was established in 2002, and they are on the third edition of
the product. This makes them not only reliable but there are also plenty of resources available
to help us along the way if we need it. Each ZigBee node would send the data to the base
station through the other nodes, and the data would be stored there until needed.
The design of the enclosure for each node is also staying consistent in this design.
Because the whole point of our product is for it to be outside without the need of frequent
maintenance, making sure it is weatherproof is one of our main concerns for the enclosure. It
needs to be resistant to UV rays, heat, cold, rain, and snow. We are also planning for it to be
plastic because of how widely available it is and how cost effective it is for the budget side
of things.
Our choice for the “brain” of each node would also stay consistent as well, as a
microcontroller programmed with algorithms developed by us. The microcontroller would
properly log the information from each sensor and communicate it back to the base station. It
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would also be able to monitor battery voltage and overall health of the battery. If the battery were
acting abnormally for a certain period of time, the base station would receive a message that a
node may need servicing.
Finally, the base station would be there to collect the information from all the nodes. It
would format the contents into a comma separated value (CSV) file to be analyzed. It would be
very useful to have a program to sift through the data being placed in the csv file, and
annunciate any issues. Afterwards, we would be able to map the information with Google Maps
using a Fusion table (which is free on Google Drive). This would allow the information to be
visualized for easy analysis.

ALTERNATIVE DESIGN 3:
The third design option for our team is to use a MESH Brand Sensor, as opposed to the
RADAR or infrared sensors. The MESH sensor we would end up using would be the motion
detection module. This module contains an infrared sensor, and is compatible with many
development boards, sensors, and actuators. It comes with a built in If-This-Then-That (IFTTT)
integration, meaning it can use many internet enabled gadgets and web services. It also comes
with its own visual coding app, and a 30-day rechargeable battery. All of the modules have
Bluetooth that connects to an app that acts as a hub station for the sensors themselves and lets
you program them as needed, as long as the modules are within 30 feet of each other. The
dimensions of the block are relatively small with the dimensions 0.94in x 1.89in x 0.47in so it
would go unnoticed in our final design. The main set back of using this sensor is the range it can
operate in. Having a max range of 30 feet is very unattractive given the fact that our main goal is
to cover hiking trails and parks. It also costs $60 per unit, which doesn’t seem economically
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efficient, but with all the given tools we could get from this sensor, it could be worth
the investment.
Similar to our other designs we would be using a ZigBee mesh network that would be
used to communicate with other nodes to send data from each node back to the base station.
Here the data would be stored until the time of analysis. The enclosures that would be used for
each node would be a plastic, weatherproof box. In other words, it would be resistant to
ultraviolet (UV) degradation, and it would also be able to protect its contents from getting wet
from rain or snow. The reason why the box would be plastic is because not only is it a cheap and
widely available option, but also the MESH Brand Sensor’s Bluetooth signals would need to be
able to penetrate it as well.
The power supply for this design would be a combination of a solar panel and a lead acid
rechargeable battery. A charge controller would be designed in order for the solar panel to
charge the battery as well as power the project. The charge controller would be able to
increase/decrease the voltage from the panels if necessary to provide a more efficient charging
over a traditional pulse-width-modulated (PWM) charge controller. The use of Maximum Power
Point Tracking (MPPT) would be used to provide a more efficient charging operation. The
Maximum Power Point Tracking would be implemented through an algorithm that would be
included in the charge controller design. MPPT is used for extracting maximum available power
from a power source module under varying conditions. The voltage at which the power source
module can produce maximum power is called ‘maximum power point’ (or peak power voltage).
Maximum power varies with solar radiation, ambient temperature and solar cell temperature. As
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previously discussed, the charge controller is used as protection for the battery against
overcharging by testing the voltage and opening the circuit if the battery is at maximum charge.

Similarly to the other designs the main “brains” of the node would be a microcontroller
that would be programmed to run the algorithms that we would develop. The microcontroller
would handle the logging of information from the sensor, and sending it back to the base station
to be analyzed. The base station of the mesh network would collect all the information packets
that were sent from the nodes, and would place the contents into a comma separated value (CSV)
file to be analyzed. Ideally, we would make a python program that would parse the data being
placed in the CSV file, and annunciate any issues that it detects, such as low battery.
Once the data is collected, we would then be able to map the information with
Google maps using a Fusion table (available free on Google Drive), so that information
could be visualized.
The fundamental difference in this design is simply the type of sensor we would use. The
MESH Brand Sensors offer a wide range of options with various capabilities, at the expense of
its limited range. The charge controller with its’ Maximum Power Point Tracking would help in
switching off the power to the battery, as opposed to using the microcontroller to operate that
function.
ALTERNATIVE DESIGN 4:
Our last design option for our team is for us to not design our own charge controller, but
to use a chip from Texas Instruments. The chip is a NVDC 12C battery buck-boost charge
controller with system power monitor and processor. Not only is the chip very budget friendly,
coming in at less than 5 dollars, it also sets the converter to buck, boost, or buck-boost
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configuration based on the input source and battery conditions. Even better, the charger
automatically switches between the configurations without needing to be told to do so and
keeps the system operating even when the battery is completely charged or removed.
The chip also has a lot of safety features built into it, which is important for when our
system gets implemented. It has a thermal shutdown in case it starts to overheat, overvoltage
protection for the input, system, and battery, and overcurrent protection for the input, MOSFET,
and inductor.
Overall, this chip would be a great alternative to building our own charge controller. It
is relatively cheap, covers all our needs, and has a lot of safety features.
We would use the RADAR sensors for this design. Not only are they very sensitive and
could detect humans very well, they are good at penetrating materials and so we could put the
sensor inside our enclosure. This would allow the sensors to be out of the weather, and
therefore last longer since they would be more protected. Also, if our nodes just looked like a
plain box, people would be more likely to leave them alone, which would also help them last
longer without maintenance. Finally, RADAR sensors are also pretty cheap; coming in at less
than 2 dollars each, and so that’ll help on the budget side of things.
The power for each node would still be both a lead acid battery and a solar panel. The
lead acid battery was chosen because it would be able to maintain a steady voltage and current
supply for the sensors. The solar panel would be able to charge the battery to help with very
cloudy days, and once it gets dark at night. In order for our product to be low maintenance, the
batteries need to be able to support the nodes for extended periods of time (we are thinking a few
days) without the solar panel, for worse case scenarios.

22

We would still use ZigBees to create the mesh network. They are very reliable
because they are on the third edition of the product, which was first established in 2002.
There are also plenty of resources available for ZigBee to help us along the way if we need it.
Each ZigBee node would send the data to the base station through the other nodes, and the
data would be stored there until needed.
The main goal for the enclosure is to keep all our components safe and out of the
elements, and so the design of the enclosure is the same throughout all our designs. Our product
needs to be able to be outside without the need of frequent maintenance. Making sure each node
is weatherproof is the biggest hurdle that we will face when designing each nodes enclosure. The
enclosure needs to be resistant to UV rays, heat, cold, rain, and snow. We are also still planning
for it to be plastic because of how widely available it is and how cost effective it is for the
budget side of things.
The “brain” for each of our nodes would still be a microcontroller with our algorithms
programmed into it. The microcontroller would properly log the information from each sensor
and communicate it back to the base station. It would also be able to monitor battery voltage and
the overall health of the battery.
Lastly, the base station would be collecting all the information from the other nodes. It
would format the contents into a comma separated value (CSV) file to be analyzed. Also, it
would be very useful to have a program to sift through the data being placed in the csv file, and
annunciate any issues. Afterwards, we would be able to map the information with Google Maps
using a Fusion table (which is free on Google Drive). This would allow the information to be
visualized.
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2.1 Optimal Design
With all of the proposed design options that were laid out above, it was needed to
choose an optimal design to use for the system. The optimal design described below is not one
of the design options listed above, but instead a combination of the alternative designs based on
the engineering challenges encountered during the design, build, and test processes that were
encountered.

2.1.1 Objective
Our project objective is to make a low cost, wireless, mesh-networked sensor system
that will be able to collect information from a geographical area, and send the data to a base
station where the information will be stored and/or processed. The sensor system will primarily
collect information on the whereabouts and activities of humans based on their presence.
The collected information can then be used to create visual representations of the data so
that administrators of the network can easily comprehend the events taking place in a
geographical area. This information and an understanding of the data can be used to assist in
making decisions regarding the use of resources and other choices that are needed by the
management of a publicly used park, trail, or other entity. For example, the trail commission for
a publicly used/funded trail could potentially use our system to collect information regarding
the use of their trail. The sensors would collect information, such as time and location of use.
This information could then be used to determine which part of the trail should have more
resources designated to its improvement. This would allow for the potential of limited resources
to benefit the most amount of people.
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The collected information could also be used for other purposes as well, such as to
provide convincing arguments when lobbying for additional money. Having hard numbers on the
number of users who benefit from a public entity provides a convincing argument to donors.
The main parts of each sensor node includes the following parts and systems: sensors,
weatherproof enclosure, microcontroller (MCU), algorithms and software, wireless transmitter
and receiver, solar panel, charge controller, battery, and a secondary power system. Each part
of the system is essential to the functioning of the overall system. In order for the mesh network
to be viable, all parts of the system must be robust and seamlessly work together to create a
functioning system.
2.1.2 Subunits

Figure 1: Elements of a Node
The working prototype of our mesh network sensor system can be broken into
multiple parts and subsystems. The following section expounds on the various parts of our
proposed system.
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2.1.2.1 SENSORS

Figure 2: Infrared Sensor
We have decided to use the HC-SR501 Passive Infrared Sensor (PIR sensor) for our
main sensing elements for each node. The use of infrared for sensing has many advantages. In
particular, the HC-SR501 measures infrared light radiating from objects in its field of view. The
sensor readily detects thermal energy produced by living beings in the range of detection. The
sensors are also reliable in daytime and darkness while consuming relatively low energy. Also,
the range of the sensor can be easily adjusted by turning a potentiometer built into the sensor, to
either increase or decrease its range. This can be useful if a device is used in a highly populated
area, and the sensitivity of the sensor needs to be reduced to decrease sensor reading noise.
The way the infrared sensor detects motion has its own unique advantages, but also
introduces a challenge to our project as well. Because the mode of detection is sensing thermal
energy radiated by a human’s body temperature, the same works for other warm blooded animals
as well, such as deer and coyotes. As a result our product must reasonably distinguish between
human and animal movements.
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Another challenge with using infrared is that they will not be able to penetrate our
enclosure, and so we will have to drill and waterproof holes for them to stick through.
An advantage of using the HC-SR501 Pyroelectric Infrared Sensor is cost. These sensors
are not only widely available from many different suppliers on the internet, but they also come
with a very reasonable price tag. In our experience you can buy 10 infrared sensors of this type
for less than $17 US dollars.
Also, the input voltage of the HC-SR501 sensor can accept from 5V to 12V. This
makes it very easy to power the sensor, and gives us many power options to choose from.
During placement of the sensors in the field, certain information will need to be recorded
for each sensor. First, when a sensor is installed, the node number (MAC address) will need to
be recorded. This will allow the base station to identify which sensor is being referred to when
the data is sent back via the network. Also, in association with the node number, the location of
the node will also need to be recorded. Preferably the GPS coordinates of the node would be
recorded so that the node can be easily located on a map. A cellular telephone can be used to
mark the location on a map, such as Google Maps to get approximate geographic location. This
will help in the long run to give more options for analyzing the data collected (mapping), and
also keeping track of where each node is located for maintenance purposes.
We feel like the choice to use the HC-SR501 Pyroelectric Infrared Sensor will be a
great fit for our nodes and will provide reliable detection and operation.
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Figure 3: Left-Front View of Node Equipped with PIR Sensors
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2.1.2.2 MICROCONTROLLER

Figure 4: Microcontroller design
The microcontroller (MCU) that we used in each node was the Atmega328p MCU from
Atmel. This is the same MCU that is used in the Arduino UNO microcontroller board. Using this
particular microcontroller has many advantages for our design.
One of the many advantages of using the Atmega328p is that we were able to use a fullblown Arduino Uno if we wanted to, or we could simply use the MCU chip with a few
supporting components. For our initial testing of the system, we used an Arduino Uno to make
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testing easier. The built-in resources of the Arduino Uno made it easy to program and
troubleshoot the chip without much hassle. After the software was developed, we were able to
make the design cheaper by not having a full Arduino, but instead using the microcontroller
chip and a few supporting components. This allowed us to have a microcontroller cost savings
of almost 900%, assuming a $20 Arduino Uno unit.
Another task that the microcontroller performs in our design is sending out a periodic
heartbeat signal to the base station. This “heartbeat” signal contains information on which node
is sending the heartbeat information, and some peripheral information on the health of the node.
This will allow the base station to keep tabs on which node is functioning and which is not.
This has the potential of improving reliability of the system.
The microcontroller is also responsible for pulling the data from the sensors when it
becomes available. The MCU stores the information until it can be sent to the base station, and
when it is able, sends the data back to the base station using a wireless mesh network. The
MCU uses acknowledgements to ensure that messages sent to the base station arrive at their
intended destination, resending messages if necessary. All these requirements created the need
of an operating software to handle these processes, which is run on the MCU.
In addition to the general sensor readings and communication functions performed by the
microcontroller, the MCU also monitors the overall health of its host node. The microcontroller
periodically measures the battery voltage of the node, and also monitors whether the enclosure
door of the node is open or closed. If the battery voltage drops below a predefined threshold, or if
the door opens, the MCU is responsible to report this to the base station as an alarm status.
The microcontroller also plays a vital role in the interpretation of the data collected from the
sensors. The sensor readings are stored in the MCU and used to classify the direction of
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human movement in front of the sensors. The proprietary algorithm has demonstrated successful
classification of sensor noise, left to right movement, and right to left movement. This decreases
the computational burden of the base station, and allows for directional movement uses for our
system as well.
2.1.2.3 WIRELESS COMMUNICATIONS

Figure 5: XBee Module
For the wireless communications, we decided to use a ZigBee protocol device; more
specifically we chose to use XBee from Digi. XBee has many available devices that have the
ability to create a wireless mesh network that satisfies our requirements. We decided to use XBee
Pro, Series 2 devices which have the benefit of up to a 2-mile direct line of sight range, in
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addition to being able to be used in a mesh network with a throughput of approximately 250
Kb/s transmission rate.
XBee also comes with software from Digi that helps you choose from the many
different setup configurations. This software, called X-CTU, makes setup a lot easier than
traditional ZigBee methods, which is a huge time saver.
In addition, ZigBee and even XBee have been around for a long time, and have been
used for a lot of applications, making them a tested and reliable option. There is also a lot of
information available online on how to use these devices.
Finally, XBee was fairly reasonable cost-wise. We went with an XBee Pro, which
costs approximately $30 dollars per unit when purchased from well-known online retailers.
2.1.2.4 SOFTWARE
For the general software that we are using in each node, we used the Arduino IDE to
program the microcontrollers in each node. This translates into a modified version of the C++
language. Using this software allowed us to program the microcontroller without the need of
purchasing an in-system programmer. Also, the wealth of libraries available for Arduino online,
was really useful in our project.
The software used in each network node is very much different than the software at the
base station. The reason for this is because the base station has a different function than the rest
of the network. In order to accomplish this, we developed some software in python to receive the
data from the mesh network and to store the information in a comma separated value (csv) file
for later use. The reason why we choose python is because there was an XBee API available for
interfacing with XBee devices in python that was extremely helpful in setting up
communications for the base station.
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2.1.2.5 SOLAR POWER

Figure 6: Solar Panel
For our solar panel we used a 9-volt and 3-watt panel. The solar panel will be connected
to the battery through a charge controller to recharge the battery and keep it “topped off” as the
battery powers the rest of our devices. This way we can prolong the life cycle of our batteries as
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they are periodically being recharged by the solar panel to maintain the battery voltage necessary
to power the node.
2.1.2.6 CHARGE CONTROLLER

Figure 7: Charge Controller Circuit
The charge controller uses a float charge to constantly top off our battery. The float
charge voltage is the charging voltage that may be maintained across the battery to keep it fully
charged without damaging the battery. This is approximately 7V for 6V batteries. For faster
charging, the voltage may be set higher, i.e. 7.4V, which charges the battery faster, but requires
that the controller be intelligent enough to reduce the voltage to the float charge level after
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charging is complete. Most charge controllers simply charge at the float charge voltage,
all automotive electrical systems do this, which is why we decided to go with this design.
As for circuit operation, Resistor 1 (R1) biases TL431 Diode (D1), the voltage reference
diode. The 2.5V reference from D1 is compared with voltage feedback from the resistor divider.
The op-amp is used to keep these voltages at 2.5V. The ratio of R3/R2 controls the gain, while
Zener D2 prevents overload at the gate of P-Channel MOSFET (PMOS) Q1, while R4 limits the
op-amp output current when D2 is functioning. Capacitor 2 (C2) is the positive rail bypass
capacitor. D3 prevents reverse battery discharge current from flowing through the solar panel
when the solar cells are not operational (i.e. when there is no sun).
When the feedback voltage from the wiper of potentiometer R6 drops below 2.5V, the
output of the op-amp shifts in the negative direction, turning Q1 on. The increased current out of
Q1 causes the battery voltage to increase which in turn increases the voltage at the wiper of R6
until it is equal to the reference voltage.
While it may seem wasteful to use a dual op-amp when only one op-amp is need, the
LM358 was the most cost effective device. Also, manufacturers rarely offer a single op-amp on a
chip. The charge controller also has a feature that provides reverse battery protection. When the
battery is plugged in reverse, the non-inverting input of the op-amp is driven below the negative
rail, effectively grounding it, when this happens, the output of the op-amp switches to the
positive rail thus turning off Q1 and protecting the circuit against this damaging condition.
D1, the voltage reference. When connecting the adjustment pin to the cathode, this sets
the reference voltage at 2.5V. R1 sets the D1 bias current. This is set at the minimum input
voltage for a 6V battery at full charge, which is approximated at 7.4V plus the 0.6V from the
diode drop leading to the following equation:
𝑅1 =

(7.4 + 0.6)𝑉 − 2.5𝑉
= 5.5𝐾
1𝑚𝐴
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4.7K was close enough and is considered generally non-critical. C1 is a high frequency bypass
capacitor used to keep the op-amp stable, and since the value can be arbitrary, a 0.1 uF capacitor
was chosen. Zener D2 limits the gate to source voltage of Q1, in order to protect the transistor
when no load is connected and there is a high solar panel voltage. In the worst case scenario the
voltage across the gate to source will surpass the maximum voltage rating, since the output of the
op-amp drops down zero. R4 limits the current through D2 during the aforementioned fault
condition. It is chosen to be high enough to limit the current to be below 1mA, but low enough
so that the RC phase shift caused by R4 and the input capacitance of Q1 is lower than the opamp. D2 is a 3A silicon diode that keeps the battery voltage from appearing across the solar
panel when the sun is not out. The adjustable feedback voltage divider (R5, R6, and R7), sets the
full charge output voltage. The voltage at the wiper of R6 is 2.5V if operated within the limits of
normal operation. U1 is an inexpensive op-amp. The error amplifier circuit has an open circuit
voltage gain of perhaps 100,000, so the difference between the 2.5V reference and the wiper of
R6 is extremely low. By putting C2 in the feedback loop, the op-amp runs at maximum gain.
The op-amp does keep the pot wiper voltage equal to the reference voltage. The circuit has a
proportional voltage gain of 3 that is set by
𝑅3 + 𝑅2
𝑅2

2.1.2.7 SECONDARY POWER SYSTEM
With all the different components used within each node, there is a need for varying voltages to
power the devices. Since the battery only provides the system with 6V, this voltage needs to be altered to
meet the requirements of each system in the node. In order to handle this challenge properly a secondary
power system was designed to convert the 6V battery voltage into the proper voltages for each device.
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The first regulated voltage is 5V used by the microcontroller and the sensors. The second voltage is 3.3V
used by the XBee module to handle the wireless communications. Finally, the secondary power system also
provides a stable 2.5V, reference voltage which is used by the microcontroller for a reference when
measuring the battery voltage. All these voltages are necessary for the system to function correctly.

2.1.2.8 BATTERY AND OTHER ELECTRONICS
A lead-acid battery was used as a main power source, rated at 6 volts and 4.5 amp-hours.
6V was chosen because the voltage was close to the requirement of the microcontroller (5.0V)
which is the highest voltage requirement of the system. Next, Lead acid technology was chosen
because it is a proven battery technology, used in many applications both indoors and out. Lead
acid batteries are rugged and simple as well as cost effective. They are well suited to handle the
temperature variations that will be encountered outdoors.
In order to increase the self-sustainability and reliability of our system, our goal was
for the batteries in each node to be able to fully support the node for a few days without any
input power from the solar panel. This way, if there is an extended period of time with little to
no sunlight, our nodes will still be able to function for a period of time on their own.
2.1.2.9 ENCLOSURE AND WEATHER PROTECTION
The enclosure that was used for each node was a plastic, weatherproof box. By
weatherproof, we mean it is resistant to ultraviolet (UV) degradation, and it is also able to
protect its contents from getting wet from rain or snow. The reason why we chose the box to be
plastic is because not only is it a cost effective and widely available option, it was also relatively
simple to drill holes into for the infrared sensors and then waterproof the holes with silicone.
The mounting box has the outside dimensions of approximately 8 in x 6 in x 4 in. This
provides enough space in the box to house the battery, charge controller, microcontroller, ZigBee
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(XBee), infrared sensors, and the secondary power system that is necessary for our system to
function. It was also important for these things to fit in the enclosure nice enough that they are
accessible to maintenance personnel without the chance of easily damaging one part while trying to
get another out of the enclosure. Obviously we wanted all the components to be as snug so our nodes
could be reasonably small, which helps with camouflaging and placing them. However, we did not
want the components to be so tight in the enclosure that they would be touching.

Inside the enclosure, we have installed a light sensor. This light sensor provides a way for
our system to detect if the node enclosure door is open or closed. This will give us information as
to when someone is working on the node. It may also notify the system administrator if someone
has opened the box to tamper with the contents. In addition, if someone forgets to close the door
on the enclosure, it would also raise an alarm at the base station as soon as possible. Exposure to
elements like rain or snow could significantly damage our components in the enclosure, and
therefore increase the need for maintenance. Using a light sensor to detect when an enclosure
door is open, serves to help improve the reliability of the system by providing information
regarding tampering and maintenance as well.
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2.1.2.10 MOUNTING SYSTEM

Figure 8: Mounting system with brackets, pole, and rope shown
In order for our system to be as self-sustaining and reliable as possible, the enclosure not
only needs to be tough, but also the mounting system needs to be equally tough. The mounting
system that we used for the nodal enclosures needed to be able to support the weight of the
enclosure, the contents of the enclosure, and potentially even the solar panel on top. It also
needed to be able to sustain additional strain from other sources as well. Some things that we
have considered are forces from wind, snow, and ice. We also wanted to make sure it is not
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easily knocked over by someone accidently hitting it while they are enjoying the trail or park.
The additional loads were considered in order to ensure system reliability.
The actual details of the mounting system include some loop brackets, which have a pad
at the bottom. We have chemically “welded” the brackets to the enclosure using epoxy. The
brackets can then be used to mount the enclosure to a post or tree using some UV resistant rope.
The rope is made out of polyester, which provides good strength and weathering properties. The
color of the rope is camouflage green, and therefore helps with camouflaging the nodes.
2.1.2.11 REAL LIFE IMPLEMENTATION

Figure 9: Two of the sensor nodes and their field of detection shown on a path

Above is a small snapshot of two of the sensor nodes for their intended use. There will be
several of our nodes placed along the desired path, spaced according to their field of detection.
As soon as a person walks through the path of the sensor, they would be detected and their
presence and direction of movement will be logged and eventually sent back to the base station.
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2.2 PROTOTYPE
The prototype that we built consisted of four cardboard demonstration nodes, one fully
developed demonstration node in a transparent enclosure and one demonstration node node in a
fully developed enclosure.
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Figure 10: Inner Workings of a Node
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The testing of our system consisted of system level software testing, system
level hardware testing and specific testing for independent components.

2.2.1 Software
Software plays a very important role in this project. Ranging from general network
communications to sensor readings, base station annunciation, and node health
monitoring, almost all aspects of this project depend on software in order to operate.
2.2.1.1 Software Prototype
The software in this project can be broken into two main categories: the node software and
the base station software. The node software is responsible for all the operations and monitoring of
the individual nodes. The software in each node is run on an Atmega328p microcontroller. The
software in each node reads the sensors approximately 50 times per second. The sensor readings are
then stored in the microcontroller for further analysis by a proprietary algorithm that classifies the
data to determine the direction of movement of humans in front of the node. The node software also
checks to see if the enclosure door is open, and periodically measures the battery voltage to see if it
is low. If the battery voltage falls below a specified threshold (5.5V), or if the enclosure door is
opened, then the software will send a message through the wireless network to notify the base
station that there is an issue with the node.

The node software also provides the base station with a “heartbeat” every five minutes to
let the base station know that the node is functioning correctly.
One of the most important operations of the node software is to reliably send data to the
base station for analysis and display. In order to ensure that the sent messages are not lost, the
software requires that a application layer acknowledgement is received for each message that is
transmitted. This ensures that the base station software is running and receiving the messages as
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they come in from the nodes in the network, and that they are not dropped in transit. Also the
node software backs-up unsent messages and sends them again when it gets the opportunity.
This ensures greater data integrity.
The other main type of software in this project is used at the bases station. The base
station has two applications within it. The data acquisition software runs in the background
collecting information coming in from the base station, coordinator XBee device. This software
ensures that an application layer acknowledgement is returned to the sending node for each
message. This software also is responsible for storing the incoming data into a comma
separated value (csv) file for later use.
The other application at the base station is the base station graphical user interface (GUI).
This is the main software application that operators will work with. The GUI main screen has a map
of the geographical area being monitored with the location of nodes marked with buttons. The
operator of the network can then click a node and be able to view the information regarding the
particular node of interest. The GUI makes it easy to visualize the data that is coming in to the base
station, and also summarizes and highlights the important details so you can get right to the point.
The GUI also features an “INFO” button that opens a window displaying important details, such as
software version, copyright information, and information on the Sr. Design team.

2.2.1.2 Software Testing
During the software development phase, extensive testing was performed to ensure that
the software functioned as intended. Special emphasis we placed on ensuring data integrity of
messages generated at a node made it to the base station without errors and without being lost.
During the software testing phase, it was demonstrated through several test scenarios that the
multiple nodes being connected to the base station simultaneously, did not drop packets on their
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way to the base station.

Figure 11: Base Station GUI Main Screen

Testing was also performed on the base station software. During testing it was found that
there was a checksum problem when nodes were sending messages at the same time that the
base station software was being started. In particular this posed a big problem when there were
multiple nodes all repeatedly trying to send in data at the same time upon base station startup. In
order to combat this issue, a base station status was created to prevent nodes from bombarding a
non-operational base station until it was determined that the base station was up and running.
This makes it very unlikely to have a checksum error upon base station startup.

2.2.2 Secondary Power System
With multiple different components in each node, the secondary power system is
the main source of regulated power for the inner workings of each node in the network.
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2.2.2.1 Secondary Power System Prototype
Each node has a need for three different stable voltages in order to function properly. The
most obvious voltage needed is 5V, which powers the microcontroller and the sensors. Also, the
XBee device needs a regulated 3.3V in order to work properly. In addition, 2.5V is needed as a
reference voltage for measuring the battery voltage. All of the various voltages are supplied by
the secondary power system in each node. Each voltage is regulated by a separate voltage
regulator, and supplies the needed power for each device. The secondary power system is
equipped with a 1 Amp, quick-blow fuse in order to protect during a short circuit event.
2.2.2.2 Secondary Power System Testing
During the development of the secondary power system, testing was performed to
demonstrate reliable operation under varying conditions. Testing primarily revolved around
testing the general operation of the secondary power system, as well as undervoltage conditions.
During testing we found that the secondary power system was able to maintain operational even
in circumstances that were well outside recommended conditions. Tests showed that even when
node input voltage decreased to 3.4V, systems within the node continued to function as designed;
however, we do not recommend operating voltages this low.
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Figure 12: Secondary Power System

2.2.3 Node Hopping
The concept of a mesh network is that regardless of where the sensors are with respect
to the base station, by node hopping they can still connect to the base station by hopping
through other devices in range. Node hopping occurs when a sensor outside of the range of the
base station will send a message to another node that has a connection with the base station, and
the intermediary node will pass on the original message to the base station.
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2.2.3.1 Node Hopping Test
With our allocated budget, we were only able to create enough nodes for an area similar
to that of the NIU convocation center, so in order to show that our system can fully operate as a
mesh network we took our nodes and placed them along a line to test if they could send
messages through hopping. On normal settings the max range of the XBee devices is estimated at
nearly 2 miles, by reducing the transmission power of each XBee we reduced the maximum
range to around 200 feet. From there we powered all of the nodes and received messages from
each node, but in order to make sure that the farthest node wasn’t communicating directly with
the base station, we turned off intermediate nodes to see if we would still receive messages. After
waiting several minutes we did not receive any messages, thus we confirmed that our system can
perform node hopping as intended.

Figure 13: Node Hopping Diagram
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2.2.4 Charge Controller
With each node depending on a battery to maintain constant power, we decided to
design a charge controller in order for a solar panel to periodically recharge the battery to
prolong its life time.
2.2.4.1 Charge Controller Prototype

Figure 14: Beardboard of Charge Controller Design
There were mainly three stages during this prototype phase. The first part was the
conception and design of the charge controller, which was explained in the aforementioned
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optimal design section. The second stage was building the design on a breadboard, as seen in figure
14 above. Upon completing preliminary testing with the breadboard setup, we moved onto soldering
a protoboard design to be used in our demonstration model, as seen in figure 15 below.

2.2.4.2 Charge Controller Testing
The Charge controller testing began with testing the controller on a bench voltage
supply, and once that was completed it was tested with a solar panel as its voltage supply. With
the solar panel as the voltage source, we tested the controller under sunny and cloudy conditions.
When tested under a controlled voltage rated at 9V and 0.333A, the output voltage to the battery
was 7.25V, which was within the maximum rated battery cycle voltage of 7.25-7.45 Volts. The
controller output voltage can be adjusted using the onboard potentiometer depending on how
fast you would want to charge the battery. It also produced an output current of 0.333A, which
fits the criteria we deemed necessary. For the solar panel testing we did several sunny and
cloudy tests and found the following results. On a sunny day the input voltage and current of the
solar panel was measured using a multimeter to be 13.35V and 370mA respectively, giving a
power input 4.9395W. When the battery load was applied the output voltage and current across
the battery were estimated to be 7.24V and 320mA respectively giving a power output of
2.3168W. Taking these numbers into consideration we find that the efficiency of the charge
controller on a sunny day to be the following:
𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = :

2.3168
= ∗ 100% = 46.9%
4.9395

Though this efficiency is acceptable it could be improved by either reducing the input
voltage and current, or adding a buck/boost converter to the charge controller. During cloudy
conditions we saw our solar panel’s input voltage and current was 11.91V and 30mA respectively
thus giving a power input of 357.30mW, and the output voltage and current on the
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battery load was found to be 6.82V and 25mA respectively, thus giving a power of 170.50mW.
Taking these numbers into consideration we find that the efficiency of the charge controller on a
cloudy day to be the following:
𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = :

170.5
= ∗ 100% = 47.7%
357.3

The charge controller displayed expected values for its cloudy readings, thus deemed
acceptable for use in our final design.

Figure 15: Protoboard of Charge Controller Design.

2.2.5 Node Enclosure
A node enclosure is the only thing that protects the electronics in each node from the
weather. Without it, each node’s electronics would quickly degrade and stop working.
2.2.5.1 Node Enclosure Prototype
Each node enclosure is made of plastic that is meant to be able to withstand the outside
conditions not only for water tightness, but also for resisting UV degradation. The enclosure that
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was selected to protect the contents of each node is rigid and is equipped with a screw
secured front lid (door).
In order to be able to use the PIR sensors properly, it was necessary to drill holes in
the sides and front of the enclosure so that the sensors could have a clear range of sight. In
doing this, it opened the box up to potential water leakage. In order to combat this we made
use of common silicone sealer to caulk around the sensor port holes to ensure they don’t leak.
2.2.5.2 Node Enclosure Testing
In order to ensure that each node would be able to operate outdoors, environmental
testing was performed. The main focus of this testing centered around ensuring the water
tightness of the node enclosure. A test was performed in simulated heavy rain for several minutes
to test for leaks. After the test was performed inspection of the insides of the enclosure found that
there were no leaks during the test.
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Figure 16: Node Enclosure Undergoing Environmental Testing

2.2.6 Node Mounting
Each node needs to be mounted in a secure location in order for it to work properly in its
intended geographic location. In order to make this happen it was necessary to design a custom
mounting system that could be used for each node in varying circumstances.
2.2.6.1 Node Mounting Prototype
The node mounting system that we designed not only needed to be custom for our
particular node enclosure, but it also needed to be somewhat flexible so that the nodes could be
easily mounted on a wide range of objects in various situations. In order to bring about this
goal we designed a mounting system that took advantage of the flexibility of paracord rope for
mounting. The specific type of paracord that we used is made of nylon which is resistant to
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weathering from UV radiation from the sun. The paracord is also rated at 750 pounds, so it is
also very strong.
The back of the enclosure is equipped with zinc plated mounting brackets that are
epoxied to the enclosure for a secure bonding. The paracord is then threaded through the brackets
and securely tied to whatever is being used as a mounting platform for the node.
2.2.6.2 Node Mounting Testing
To test out our mounting system we took one of our nodes and filled it with three lead
acid batteries, each weighing at approximately 1.83 pounds, totaling at nearly 5.50 pounds. We
then tied our node to a post to see if it would be able to withstand this much weight. After
several hours we found out our node was still suspend on the pole without any problems,
meaning our mounting system can withstand at least up to 5.50 pounds.
3.1 REALISTIC CONSTRAINTS
While we are really excited about our design, there are a few constraints that we
foresee. Our nodes are planned to be solar powered. That is, we are going to have a battery that
is constantly topped-off by a solar panel. While this could theoretically last forever, there are of
course real world considerations that make it obvious that our system would not have an
infinite lifespan. The lead acid batteries that are planned to go in the system generally have a
lifespan of only a few years when used regularly. That being the case, we know that after some
time, the battery will eventually fail. More time is needed to test this limitation.
Another realistic consideration is that our sensors may not be able to reliably detect the
difference between a human and a non-human. The proposed infrared system has the ability to
detect animals as well as humans. While our built-in classifying algorithm is capable of weeding out
noise, reducing the likelihood of extraneous animal detection, it is still possible that the
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sensors could pickup on a deer or large animal and consider it to be a human moving across
its line of sight.
Our system may present a privacy concern as well. Since we are using infrared, we cannot
completely hide the sensors in our enclosure without having them stick out to some extent. While
our sensor network does not collect any personally identifiable information, it can still track the
location of humans. In addition people will likely notice the sensors on the box and identify at least
partly its purpose. Depending on who is concerned and the location of the sensor network, this may
present a concern for some people. As a result it may be necessary to educate those who are using
our system on how it works and what information is being collected. An idea for this is that we put
the information in the local papers, and we could also post a sign by each one of our nodes
explaining its purpose and that no personal information is being collected.

Another possible issue is that microwaves radiated by the XBee devices within each
node may unexpectedly interfere with other electronics, such as wifi. Since XBees function in
the same 2.4 GHz band as wifi, excessive transmissions by multiple nodes may use up some of
the bandwidth of wifi in the same area, potentially causing slower wifi.

3.2 Ethical Considerations
Using a system like ours does possess a small environmental concern as well. For
example, the lead-acid batteries contains lead, the substance that is so famously known to the
state of California to cause cancer and other birth defects. While lead may or may not actually
cause cancer, it is definitely a toxic material, and disposal of our product should include proper
recycling of the battery. Thankfully, there are many recycling facilities in the US who are more
than happy to recycle lead-acid batteries, in many places they will even pay you for your leadacid batteries. If our system were to be manufactured, we would need to place a notification on
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the product, instructing users to dispose of the battery, and other materials, in a proper way.
In addition, the purchasing of our product in Europe may be restricted by the Restriction of
Hazardous Substances (RoHS) laws in some countries.
Our sensor system has the potential to make a political and social impact. For example,
our product may be well suited for use by the government to detect illegal immigrants trying to
cross the border. In particular, along the US-Mexico border, there are many areas that are very
desolate. Often these areas are where people try to cross the border illegally. Use of our sensors
in these areas could provide valuable information on where and when people are present in an
area. This could help border patrols be more efficient and potentially catch more people who
are trying to cross the border illegally.
Another way our system has the potential to make political and social impact is by being
able to detect if there is someone in a park after hours. This could be someone trying to vandalize
the park or people walking in the woods late at night where they shouldn’t be. Our data that
would be stored and collected could help with criminal investigations. If investigators have
determined it is likely a missing person could have been in the area or just trying to figure out
how something got ruined, our data could be used to help prove that someone was detected in a
given area at a certain time. This could be very helpful in some investigations.
4 SAFETY ISSUES
A concern for our setup is how the environment will react to its placement. Many types
of wildlife are drawn to foreign objects that enter their ecosystems. Similar to how squirrels nest
and burrow in holes in trees, a curious animal could find one of our nodes and either harm itself,
or our own device. In a similar nature, wildlife could also trigger our devices, sending false
information to the server and mapping random paths that a fox ran as it was passing by. This
would skew our data of how many people were in the area.
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Another concern would be network hackers. Though XBee has the option of encryption
and other protections from these types of issues, there is still the possibility of our network being
hacked. If someone were to hack our devices and start sending false information to the hub
station, it will severely ruin all of the data that has been acquired, leading to a serious dilemma
on how to interpret the resulting information.
Another safety concern is people vandalizing one or all of our nodes. It would be easy for
someone to come along, think it looks cool, and then want to play with it or figure out how it
works. Opening the enclosure would expose all of the components of the node to the outside like
wires, circuit boards, and a lead acid battery. Someone could easily vandalize the node so far that
the battery is broken open, or the small parts of the circuit board are now spread all around the
environment. All components of our nodes should be recycled and thrown away properly. They
are not meant to be able to biodegrade on their own. It is important for us to keep this in mind
while designing and constructing our nodes. We need to make our enclosure and mounting
system as durable as we can. This might help in deterring some people and animals from
breaking the nodes intentionally and unintentionally.
5 IMPACT OF ENGINEERING SOLUTIONS
Our design main focus is to map out popular areas in trails and parks in order for the
betterment of these areas. Economically our device will help businessmen associated with these
areas to generate information that will help them make their businesses more entertaining by
creating more attractions that will generate similar traffic, thus creating a larger profit. More
importantly, it will help the everyday person who enjoys the parks and trails. Our data can be a
driving factor for improvements in areas where it is needed, helping to conserve resources by
only improving areas that will have the most impact. In an environmental sense our devices can
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in some cases be used to map out the habitats of animals, be it birds or other animals that would
populate a given area. With this information environmentalists can better understand the general
routines of the desired animal in question by their movement patterns, which would show
specific areas of interest for the animals that are worth further investigations. In a societal
context, in a similar nature to studying animal habitats, we can use the information about a
person’s movement and see why they are drawn to these areas, be it for conventional or
nonconventional reasons.
One of our goals is to make our system so versatile that it can be used anywhere in the
world that it could be needed. One thing that can help with that goal is to change the look of the
system based on where it is located. For example, if the system is placed in a woodsy area, it
should be camouflaged to blend in with the grass and trees, or if the system is placed in a desert,
it should be camouflaged to blend in with the sand. Camouflaging the nodes will help reduce
the possibility of vandalism or interference from animals and people. In order to satisfy this
goal we may need to look into the possibility of a different type of battery to satisfy the
Restriction of Hazardous Substances requirements in some European countries.
6 LIFELONG LEARNING
Some aspects of life-long learning gained from this project would be building the charge
controller described in this paper. The knowledge and aspects gained from learning about
charging batteries properly and the various techniques used to develop our charge controller
will be helpful throughout our professional careers. Not only will we have experience in doing
research for different components, we will also have experience with building and
troubleshooting the circuit. Being able to take something that is not working and figure out the
cause is an extremely valuable skill in any profession. It is very common for things to fail when
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testing them out for first time or even the tenth time. However, this fact matters a lot less if
someone has the skills to analyze it to figure out the problem.
In a similar fashion, learning and designing the software for our devices has helped us
learn the proper etiquette that is needed for programming, whether it be designing original
functions or making it clear and understandable for a third party to be able to adjust our code as
needed. Both serve very well for workplace etiquette because code that is written by one
engineer almost always needs to be understood by another colleague. Even if the colleague
cannot fully understand every detail in the code, the engineer should have designed the system in
a way that this is not a roadblock for the colleague.
Working with ZigBee devices is something that was new to all of us. The knowledge
attained through setting up the wireless network is something that may be useful later in life with
other projects. Who knows when we might come across something similar in our jobs or even
everyday lives that we will be able to understand a bit faster because of what we learned during
this senior design project. The best way to learn is by doing, and so what we learned during this
project will definitely stick for a very long time.
7 BUDGET AND TIMELINE
7.1 Budget

Table 1: Budget
Total
Cost

Description

$142.50

ZigBee Modules for use on the communication system. 5 were bought and
used in our setup, each costing approximately $28.50

$29.97

Solar Panels were needed for each node. Three nine-volt solar panels were
needed, each costing approximately $9.99 dollars.
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$57.98

Batteries were needed for each node. Eight, six-volt, lead acid batteries were
purchased, costing approximately $7.25 each.

$40.67

Solar Charge Controllers were needed for each node costing approximately
$6.17 each in parts, in addition to development costs.

$67.67

Microcontrollers (Arduino) were needed for each node, costing
approximately $12.39 each, plus parts and development costs.

$33.98

Infrared Sensors were needed for each node. Three sensors were used on
each node costing $1.69 per sensor.

$74.97

Enclosures were needed for each node. Four enclosures were purchased, two
(count) of two varieties costing almost $20 each.

$55.99

Mounts were needed for each sensor enclosure. If someone were to create one
mounting system the prices for four brackets cost approximately $6.3,3 which
comes together with UV resistant rope for assisted mounting costing at
approximately $1.85 per mount, leading to a single mounting system costing
$8.18.

$254.28

Miscellaneous wires and components were needed as the design and
prototyping process was carried out.

Total:
$758.01

This total does not include shipping costs.

7.1.1 Budget Justification
The majority of the costs associated with the design and building of our product were
absolutely necessary to completing our project successfully, and therefore unquestionably
necessary for our build.
First of all, we needed a communication system for our product since it is a wireless device.
ZigBee protocol has been in use for many years, and as a result is a very mature product
specification. It would be very difficult to find a more reliable system architecture that would
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offer the cost effectiveness of ZigBee in addition to the resources that are available based on
the open source nature of the product. We believe that choosing ZigBee as our communication
foundation was a very studious decision.
The solar panels for our system were needed to help reduce operation cost and the
physical dimensions of our product. We needed the solar panels in order to prolong the life of
the battery by constantly recharging it and keeping our system up for as long as possible, and
reduce maintenance costs that would require someone to go out and replace all the batteries
when they eventually died. This in turn results in lower operation costs for our product, one of
our main selling points. There are few energy harvesting systems that are available that can
produce as much power as easily as photovoltaics. Other options such as electromagnetic (EM)
harvesting offer significantly lower power output, much lower than what is needed for our
project. Therefore, the initial cost of the solar panels, we believe, was well worth the investment
payoff that will occur during the operation of the system.
The batteries in our design were needed for each node. Without batteries, it would be
difficult to design a system that has a reliable and cost effective source of power that is needed.
Choosing lead acid batteries for our system was not only cost effective, but it is also
potentially the most reliable option for the continuous voltage that our system requires.
Similarly, the microcontrollers and infrared sensors are the heart of our product. Without
them, the product would not be able to operate. We are unaware of any other components on the
market that would be capable of performing the tasks associated with these devices.
The enclosures and mounts were needed to protect the devices outdoors, and to hold them
in place so that they can operate consistently and reliably. Without a mount and an enclosure to
protect the electronics from the weather, our system would degrade quickly. Our system needs to
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be able to operate outdoors continuously and reliably; therefore, an enclosure and a mount
were an essential part of this project.
The reason for the miscellaneous section of the budget is for the utilities that we used to
make our devices. These costs are inevitable, however not specific. Items that fall into this
category include, wire, protoboards, extra components, etc.

7.2 Timeline

Table 2: Project Schedule
Week

Task

Oct 22

●

Develop multiple design ideas (i.e. finish paper)

Oct 29

● Decide on optimal design (i.e. finish paper)

Nov 5

● Compile list of essential parts and place order.

Nov 12

● Begin research on ZigBee and protocols
● Begin research on charge controller designs
● Drafting final report

Nov 18

●
●
●
●
●

Continue research on ZigBee and protocols
Narrow design selection for charge controller
Research sensor technology
Drafting final report
(Thanksgiving break/week.)

Nov 26

●
●
●
●

Continue research on ZigBee and protocols
Start Preliminary Xbee testing
Narrow design selection for charge controller
Drafting final report
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Dec 3

Winter
Break

● Complete final report
● Prepare for presentation
● (End of Fall Semester)
●
●
●
●

Independent research and preparation
Build prototype charge controller
Build prototype software for the base station
Build prototype software for the nodes

Jan 14

● Continue preliminary algorithm prototyping
● Continue preliminary charge controller prototyping
● Order all the parts for one node

Jan 21

● Continue preliminary algorithm prototyping
● Continue troubleshooting preliminary charge controller
prototyping

Jan 28

● Finalize preliminary algorithm prototyping
● Finalize preliminary charge controller prototyping

Feb 4

● Begin troubleshooting unified prototype
● Experiment with number of Radar sensors needed

Feb 11

● Continue troubleshooting unified prototype

Feb 18

● Finalize troubleshooting unified prototype

Feb 25

● Design and order parts for enclosure and mounting
system
● Order parts for complete system (all nodes)

Mar 4

● Start building all nodes

Mar 11

Mar 18

● Finish building all nodes
(Spring Break)
● Start environmental testing (Guinea pig testing)
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Mar 25

● Evaluate results of previous testing.
● Continue environmental testing with additional nodes.

Mar 31

● Evaluate results of previous week’s testing.
● Continue environmental testing

Apr 8

● Troubleshoot issues and adjust design
● Create poster for convocation demonstration

Apr 15

● Finalize design
● Final testing

Apr 22

● Start final paper
● Start presentation development

Apr 26

● Finish final paper
● Finish presentation development

May 3

● Show time
● Create visual (map) of functioning system
Total Man Hours: 380 Hrs
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Figure 17: Gantt Chart
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8 TEAM MEMBERS CONTRIBUTIONS TO THE PROJECT
8.1 Caleb Owen
Caleb was primarily responsible for the communications and software development of
this project. He was in charge of creating the algorithms used in the nodes to collect
information from the sensors. These algorithms used the data from the sensors to determine
which direction of movement is being detected by the sensors, and then send the data via a
wireless mesh network back to the base station. The software used in this project was also
needed to make sure the data was transmitted back to the base station in a reliable fashion.
Also in line with this work, Caleb was in charge of creating the software used at the base
station to take in the data from the mesh network and store the information for later use. All of these
tasks required a lot of programming and a utilization of the XBee wireless transceivers.

In addition to software, Caleb designed and built the secondary power systems for the
nodes. This involved choosing components to support all the devices in the nodes, including the
microcontroller, picking the appropriate voltage regulators to power the devices, and making
the circuit design decisions for connections and other power related details.

8.2 Krissie Haddon
Krissie assisted in the build and testing of the charge controller. This includes the first
breadboard prototype to soldering the protoboard version to create the charge controller we
are using in our demonstration model. Krissie also helped make the cardboard nodes used in
the testing process and for demo day, helped during overall testing of the system, and helped
with other tasks as needed.
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8.3 Anthony Kamar
Anthony was primarily responsible for the design and functionality of the charge
controller in our design. He made sure that the charge controller functions as proposed in this
paper, meaning the charge controller allows our solar panel to charge the battery without
overcharging it, through the use of float charging. Anthony also built many iterations and
variations of the finalized charge controller, as well as all the makeshift nodes used as part of
the demonstration model.
9 CONCLUSION
Now, at the end of senior design, we have built six functioning nodes to demonstrate that
our system can indeed function as a durable and scalable mesh network that can detect people in
an outdoor setting. Because this product is meant for the outdoors, we performed environmental
testing to ensure that it will be able to withstand the outdoor environment. One of our main
goals was to make this product as versatile and durable as possible. This will allow it to be
implemented wherever it is needed, such as an amusement park, a hiking trail, a playground, etc.
without much trouble. One of the key points in making it versatile and durable was making sure
it is low maintenance. Throughout the design and build process we ensured that our system
would be resilient and reliable. The point of our system is not to collect data without the need of
people, and then need someone to service the nodes every week. Therefore, we designed our
nodes to be as self-sufficient for as long as possible, with minimal maintenance.
With our optimal design, we have created a low cost, scalable mesh network sensor
platform that can help in the collection of outdoor data for public infrastructures while
maintaining a considerable market value. Our product can help the people who make important
decisions allocate resources in the areas that will have the most benefit and impact, because with
the direction of our society, real data for evidence is crucial and can provide insight into most
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situations. Our goal was to make our product affordable, and with our optimal design we
believe it fits this category. With our unique design, we are excited to be able to help collect
data over remote locations in order to provide valuable information benefiting the public.
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12 APPENDIX
12.1 Updated Specifications
Physical:
Mechanical:
Maximum Case Size:
Maximum Combined Size:
Electrical:
Maximum Input Voltage:
Maximum Input Current:
Maximum Output Voltage:
Maximum Output Current:
Sampling Rate:
Battery Life:
Wireless:
Frequency:
Range:
Protocol:
Environmental:
Storage Temperature:
Operating Temperature:
Operating Environment:
Software:
Outputs:
Hardware Interfaces:
Communication Protocols:

Plastic material for enclosure (PVC)
11 x 7.5 x 5 inches (not including accessories)
2 x 2 x 2 feet

24V
750mA
7.5V
1A
20ms (Minimum)
3-5 Years
2.4 GHz
500 Feet (Direct Line of Sight)
ZigBee
65 to 75 °F
-20 to +120 °F
Outdoors
CSV file or equivalent
USB
ZigBee
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12.2 Purchase Requisitions and Price Quotes
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